Erythropoietin reportedly has beneficial effects on the heart after myocardial infarction, but the underlying mechanisms of these effects are unknown. We here demonstrate that sonic hedgehog is a critical mediator of erythropoietin-induced cardioprotection in mice. Treatment of mice with erythropoietin inhibited left ventricular remodeling and improved cardiac function after myocardial infarction, independent of erythropoiesis and the mobilization of bone marrow-derived cells. Erythropoietin prevented cardiomyocyte apoptosis and increased the number of capillaries and mature vessels in infarcted hearts by upregulating the expression of angiogenic cytokines such as VEGF and angiopoietin-1 in cardiomyocytes. Erythropoietin also increased the expression of sonic hedgehog in cardiomyocytes, and inhibition of sonic hedgehog signaling suppressed the erythropoietininduced increase in angiogenic cytokine expression. Furthermore, the beneficial effects of erythropoietin on infarcted hearts were abolished by cardiomyocyte-specific deletion of sonic hedgehog. These results suggest that erythropoietin protects the heart after myocardial infarction by inducing angiogenesis through sonic hedgehog signaling.
Introduction
Recent medical advances have improved survival rates of patients with acute myocardial infarction (MI), whereas the number of patients showing heart failure after MI has increased in recent years (1) . LV remodeling, which includes dilatation of the ventricle and increased interstitial fibrosis, is the critical process that underlies the progression to heart failure (1) . Although pharmacological therapies are effective, heart failure is still one of the leading causes of death worldwide (2) . It is thus important to elucidate a novel approach to prevent LV remodeling after MI.
Several hematopoietic cytokines including erythropoietin (EPO), G-CSF, and stem cell factor have been reported to prevent cardiac remodeling and dysfunction after MI in various animal models (3) (4) (5) . EPO, a major regulator of erythroid progenitors, has attracted great attention because its administration induced significant improvements in the clinical status and LV function of patients with congestive heart failure (6, 7) . Although several mechanisms of cardioprotective effects by EPO have been suggested, the precise mechanisms remain largely unknown (8) (9) (10) (11) (12) (13) (14) . Treatment with EPO reverses the decreased oxygen-carrying capacity associated with anemia, which is often observed in patients with heart failure (8) . EPO has also been reported to mobilize endothelial progenitor cells (EPCs) from bone marrow, leading to neovascularization in the heart (9) . In addition, since EPO receptors (EPORs) are expressed in various types of cells including cardiomyocytes, EPO may have direct protective effects on cardiomyocytes (10) (11) (12) (13) (14) .
In the present study, we investigated the mechanisms of how EPO induced cardioprotection after MI. We observed that EPO directly prevented apoptotic death of cardiomyocytes and enhanced the expression of angiogenic cytokines, which induced robust angiogenesis, leading to the improvement of contractile function after MI. EPO also increased expression levels of sonic hedgehog (Shh) in cardiomyocytes, and the inhibition of Shh signaling abolished the EPO-induced increases of angiogenic cytokine production in cardiomyocytes. In hearts of cardiac-specific inducible Shh knockout (Shh-MerCre) mice, EPO treatment failed to upregulate angiogenic cytokines, enhance angiogenesis, and inhibit LV remodeling. Our results suggest that Shh is a key mediator of EPO-evoked cardioprotection in infarcted hearts.
Results
EPO prevents cardiac remodeling after MI. We subcutaneously administered EPO (10,000 U/kg/d) or saline immediately after coronary artery ligation until 4 days after MI. Fourteen days after MI, we histologically assessed the infarct size and examined cardiac function using echocardiography. Treatment with EPO significantly prevented enlargement of LV end-diastolic dimension (LVEDD) and reduction of fractional shortening (FS) and reduced the infarct size (fibrotic area/LV free wall) compared with saline treatment (Figure 1, A and B ), suggesting that EPO prevents LV remodeling and dysfunction after MI.
The role of hematopoietic effects of EPO in cardioprotection (6, 7) was examined using transgene-rescued EPOR-null (RES) mice, which express EPORs only in the hematopoietic lineage (15) . Although EPO treatment increased blood hemoglobin levels 7 days after MI in both WT and RES mice (Figure 2A) , the cardioprotective effects of EPO were observed only in WT mice but not in the RES mice ( Figure 1 and Figure 2B ). EPO and saline did not show any significant differences in LVEDD, FS, or infarct size in the RES mice ( Figure 2B ), suggesting that erythropoiesis is not involved in the cardioprotective effects of EPO.
To investigate whether EPO affects responses of inflammation and wound healing that may have an impact on LV remodeling after MI (16, 17) , we examined macrophage infiltration and myofibroblast accumulation in the ischemic area after MI by immunohistochemical staining. The number of Mac3-positive macrophages was markedly decreased by EPO treatment 14 days after MI (Supplemental Figure 1A ; supplemental material available with this article; doi:10.1172/ JCI39896DS1). The number of α-SMA-positive myofibroblasts was significantly increased in EPO-treated hearts compared with salinetreated hearts (Supplemental Figure 1B) .
We next determined whether EPO induced the mobilization of EPCs from bone marrow into peripheral blood using flow cytometry (9) . After MI, EPO significantly increased the number of circulating CD34/Flk-1-double-positive EPCs in WT mice but not in the RES mice ( Figure 2C ). We produced MI in WT mice in which the bone marrow was replaced with cells derived from GFP-expressing mice. The hearts were excised 7 and 14 days after MI and immunohistochemically stained for PECAM. There were no differences in the number of GFP-positive cells and GFP/PECAM-double-positive cells in the border areas of EPO-and saline-treated infarcted hearts ( Figure 2D ), indicating that EPO did not enhance the homing of bone marrow-derived cells or increase the number of bone marrow-derived endothelial cells in the damaged hearts, although EPO induced mobilization of EPCs from bone marrow into peripheral circulation. In addition, EPO did not improve cardiac function or increase the number of vessels in infarcted hearts even in RES mice transplanted with bone marrow of WT mice ( Figure 2E ). It is thus unlikely that the EPO-mobilized bone marrow-derived cells contribute to the cardioprotective effects of EPO.
EPO inhibits cardiomyocyte apoptosis in infarcted hearts. Apoptotic death of cardiomyocytes has been suggested to cause LV remodeling and dysfunction (18) . To determine the role of antiapoptotic effects of EPO in cardioprotection, we performed TUNEL staining of hearts 24 hours after MI. The number of TUNEL-positive cardiomyocytes in the border area was significantly smaller in EPOtreated mice than in saline-treated mice, while EPO treatment had no effect on cardiomyocyte apoptosis in RES mice ( Figure 3A ). Western blot analysis showed that EPO treatment markedly reduced the level of cleaved caspase-3 in hearts at 24 hours after MI ( Figure 3B ). TUNEL staining revealed that pretreatment with EPO significantly attenuated H 2 O 2 -induced apoptotic death in cultured cardiomyocytes of neonatal rats ( Figure 3C ). At 24 hours after exposing cardiomyocytes to H 2 O 2 , expression levels of the antiapoptotic protein Bcl-2 were decreased, whereas levels of cleaved caspase-3 were increased, and these changes were inhibited markedly by EPO pretreatment ( Figure 3D ). Annexin V staining 
Figure 2
Erythroid hematogenesis is not required for the protective effects of EPO, and EPO does not accelerate the cardiac homing of bone marrowderived cells after MI. WT and RES mice were subjected to MI and treated with EPO or saline (control). (A) Blood hemoglobin (Hb) levels 7 days after MI (n = 4). *P < 0.01. (B) Echocardiography and Masson trichrome staining were performed to analyze LV function and infarct size (n = 10). (C) Following MI and EPO treatment, the number of circulating CD34/Flk-1-double-positive EPCs increased in WT mice but not in RES mice. *P < 0.05 (n = 4). (D) Bone marrow cells from GFP-expressing mice were transplanted into WT mice. 7 and 14 days after MI, immunohistochemical staining for PECAM (red) was performed, and nuclei were counterstained with TO-PRO-3 (blue). GFP-positive cells (green) represent bone marrow-derived cells that moved into the heart and GFP/PECAM-double-positive cells denote bone marrow-derived endothelial cells. The numbers of GFP-and GFP/PECAM-double-positive cells in the border area (MI group) or LV free wall (sham group) were counted (n = 5-8). Scale bars: 50 μm. (E) WT bone marrow cells were transplanted (BMT) into RES mice, MI was induced, and the mice were treated with EPO or saline (control). FS, the number of vessels, and the ratio of vessels to cardiomyocytes in the border area are shown (n = 8). showed that EPO-induced antiapoptotic effects were abolished by transducing adenoviral vectors, which encode the dominant negative form of EPOR ( Figure 3E ). These results suggest that EPO accomplishes antiapoptotic effects on cardiomyocytes through the EPO/EPOR signaling pathways. EPO has been reported to activate several kinases including Akt and ERK, which promote cell surviving pathways (10, 19) . We thus determined whether EPO inhibits the death of cardiomyocytes by activating these kinases. Indeed, both Akt and ERK were activated in cultured cardiomyocytes by EPO in a time-and dose-dependent manner, and these activations were abolished by transducing dominant negative EPOR (Supplemental Figure 2 , A-C). Inhibitions of Akt and ERK using respective kinase inhibitors suppressed EPO-induced reduction in the number of TUNEL-positive cardiomyocytes and EPO-induced downregulation of cleaved caspase-3 (Supplemental Figure 2 , D and E), suggesting that EPO prevents apoptotic death of cardiomyocytes at least in part by activating Akt and ERK through the EPO/EPOR system in cardiomyocytes.
Angiogenic cytokines mediate EPO-induced cardioprotection. To determine the angiogenic effects of EPO, we performed immunohistochemical double-staining of infarcted hearts for PECAM and dystrophin. EPO treatment markedly increased the number of PECAM-positive capillary vessels and the ratio of vessels to cardiomyocytes in the border area at 7 days after MI ( Figure 4A ). Moreover, EPO significantly increased the number of α-SMA-positive vessels in the heart 14 days after MI ( Figure 4B ), suggesting that EPO induces the formation of mature vessels in infarcted hearts.
We also investigated the effects of EPO-induced angiogenesis on myocardial perfusion. At 14 days after MI, the coronary flow under dilatory stimulation with sodium nitroprusside was significantly increased in EPO-treated hearts compared with salinetreated hearts in the isolated heart perfusion system ( Figure 4C ). The extent of myocardial ischemia in the border area detected by Hypoxyprobe staining was decreased by EPO treatment ( Figure 4D ), suggesting that EPO-induced angiogenesis is functionally relevant to the enhancement of coronary perfusion reserve and the reduction of cardiac ischemia in infarcted hearts. Meanwhile, there were no significant differences in the cross-sectional area of cardiomyocytes in the border area at 14 days after MI between EPO and saline treatment (Supplemental Figure 3) .
We also examined the mechanisms of EPO-induced angiogenesis in vitro using HUVECs. The administration of EPO did not increase BrdU incorporation into HUVECs. In contrast, the culture medium of cardiomyocytes conditioned by EPO markedly enhanced the BrdU incorporation into HUVECs compared with the cultured medium of cardiomyocytes conditioned by saline ( Figure 5A ). The conditioned medium from EPO-treated cardiomyocytes also significantly enhanced tube formation of HUVECs, whereas the administration of EPO itself did not affect tube formation of HUVECs cultured in the medium from salinetreated cardiomyocytes ( Figure 5B ). These results suggest that EPO evokes an angiogenic response by inducing paracrine factors secreted from cardiomyocytes.
EPO upregulated the levels of VEGF in cultured cardiomyocytes in both time-and dose-dependent manners ( Figure 5C ). EPO also upregulated the levels of angiopoietin-1 (Ang-1) mRNA in cardiomyocytes, as evidenced by quantitative RT-PCR (qRT-PCR) ( Figure 5D ). Proliferation and tube formation of HUVEC induced by the conditioned medium from EPO-treated cardiomyocytes were significantly suppressed by a VEGF-specific inhibitor (CBO-P11) or an anti-Ang-1 antibody ( Figure 5 , A and B). Additionally, when VEGF was knocked down in cardiomyocytes using siRNA, the EPO-induced proliferation of HUVECs was also suppressed (Supplemental Figure 4A ). These results suggest that VEGF and Ang-1 secreted from cardiomyocytes mediate the EPO-induced angiogenic response.
Consistent with the in vitro results, EPO treatment markedly increased the levels of VEGF and Ang-1 proteins and Ang-1 mRNA in the heart after MI ( Figure 5 , E-G). To determine the role of EPOmediated VEGF expression in vivo, we injected an adenoviral vector encoding a soluble form of Flt-1, an inhibitor of VEGF, into the thigh muscles of WT mice 4 days before and 3 days after MI. The beneficial effects of EPO on infarcted hearts, including increased vessel number, reduced infarct size, and improved cardiac function, were all abolished by VEGF inhibition ( Figure 6 ), suggesting that VEGF secreted from cardiomyocytes plays a critical role in the cardioprotective effects of EPO against MI.
Shh is a critical mediator of the angiogenic effects of EPO. We further investigated how EPO increases angiogenic cytokine levels in infarcted hearts. Since Akt and ERK, which are activated by EPO, have been reported to regulate VEGF expression (19, 20) , we first determined whether EPO increased expression levels of VEGF by activating these kinases in cardiomyocytes. Although both Akt and ERK were activated by EPO in cultured cardiomyocytes, activation levels were not so high as compared with other growth factors such as insulin (Supplemental Figure 2B and data not shown). Since EPO-induced upregulation of VEGF was so robust, we hypothesized that other mitogens mediate the EPOinduced upregulation of VEGF. It has recently been reported that carbamylated EPO (CEPO) promotes neural progenitor cell proliferation and their differentiation into neurons through an upregulation of Shh expression (21) . Shh, a critical regulator of patterning and growth in various tissues during embryogenesis, has been reported to show angiogenic effects in infarcted hearts (22, 23) . We thus examined the involvement of Shh signaling in EPO-induced cardioprotection.
To determine whether EPO upregulates Shh expression in cardiomyocytes, we first examined the levels of Shh in cultured cardiomyocytes. Both EPO and CEPO induced a marked accumulation of the biologically active, aminoterminal fragment of Shh (Shh-N) in cardiomyocytes but not in cardiac fibroblasts 48 hours after treatment ( Figure 7A ), and Shh-N was abundantly secreted from EPO-treated cardiomyocytes into the culture medium ( Figure 7B ). Immunocytochemical analysis demonstrated that EPO induced the accumulation of Shh in α-sarcomeric actinin-positive cardiomyocytes but not in vimentin-positive cardiac fibroblasts ( Figure 7C ). In addition, EPO treatment significantly upregulated the levels of Shh mRNA in cardiomyocytes ( Figure 7D ).
We next determined whether Shh augmented angiogenic cytokine levels in cultured cardiomyocytes. Addition of recombinant murine Shh-N peptide (rmShh) increased the mRNA levels of the downstream target genes Ptch1 and Gli1 in cardiomyocytes in a dosedependent manner ( Figure 7E) . rmShh also increased the levels of VEGF protein and Ang-1 mRNA in cardiomyocytes as well as the concentration of VEGF protein in the culture medium (Figure 7 , E and F). These changes were blocked by cyclopamine, a specific inhibitor of Shh signaling (Figure 7 , E and F).
Cyclopamine treatment also significantly inhibited the EPOinduced increases in the levels of VEGF protein and Ang-1 mRNA ( Figure 8, A and B) . Moreover, cyclopamine significantly inhibited the proliferation of HUVEC induced by conditioned medium from cardiomyocytes pretreated with EPO ( Figure 8C ). Consistently, knockdown of Shh in cardiomyocytes also inhibited the EPO-induced proliferation of HUVEC (Supplemental Figure 4B) , indicating that EPO induces expression of angiogenic cytokines by activating Shh signaling in cardiomyocytes.
On the other hand, the EPO-induced inhibition of cardiomyocyte apoptosis 24 hours after exposure to H 2 O 2 was not affected by cyclopamine ( Figure 8D ), suggesting that EPO shows its antiapoptotic effects on cardiomyocytes through a Shh-independent pathway.
Cardiomyocyte-specific Shh deletion abolishes EPO-induced cardioprotection. We next determined the role of Shh signaling in EPO-induced cardioprotection in vivo. The expression levels of Shh and Patched were increased in infarcted hearts ( Figure 9A ), as previously reported (23) . Notably, expression levels of Shh and Patched protein were higher in infarcted hearts treated with EPO than in those treated with saline ( Figure 9A ), indicating that EPO activates Shh signaling in infarcted hearts. Meanwhile, there were no differences in the expression levels of Shh protein in the infarcted hearts of WT and RES mice, suggesting that endogenous EPO signaling is not associated with the upregulation of Shh in the infarcted hearts (Supplemental Figure 5 ).
Systemic deletion of Shh has been reported to result in cardiovascular defects in mice (24) . To elucidate the roles of EPO-induced activation of Shh signaling pathways in infarcted hearts, we employed Shh-MerCre mice in which Shh is deleted only in cardiomyocytes following tamoxifen treatment. We crossed Shh floxed/floxed mice (25) with the transgenic mice in which a transgene encoding Cre recombinase was fused to the mutated estrogen receptor domains (MerCreMer) driven by the cardiomyocyte specific α-myosin heavy chain (α-MHC) promoter (26) , and then produced the MHC-MerCreMer; Shh floxed/floxed mutant (Shh-MerCre) mice. After tamoxifen treatment, we confirmed that EPO-induced increases in the expression levels of Shh protein were significantly attenuated in the infarcted hearts of Shh-MerCre mice ( Figure 9B ). Under basal conditions at 7 days after tamoxifen treatment and at 14 days after MI, there were no significant differences in LV function or the number of vessels and the ratio of vessels to cardiomyocytes among Shh-MerCre mice, Shh floxed/floxed mice, MHC-MerCreMer mice, and WT mice (Figure 9 , C and D, and data not shown).
There were no significant differences in LVEDD, FS, and infarct size in the Shh-MerCre mice treated with or without EPO after MI ( Figure 9C ). EPO did not increase the number of vessels, the ratio of vessels to cardiomyocytes, and the number of α-SMA-positive vessels in Shh-MerCre mice ( Figure 9D ). EPO treatment also failed to upregulate VEGF protein and Ang-1 mRNA levels in Shh-Mer-Cre mice (Figure 9 , E and F), suggesting that myocardial Shh signaling is critical for the angiogenic and cardioprotective effects of EPO in infarcted hearts.
The role of STAT3 in the mechanism of EPO-induced cardioprotection. We have recently reported that G-CSF prevents LV remodeling after MI through the JAK2/STAT3 pathway in cardiomyocytes (5) .
To determine whether STAT3 is also involved in cardioprotective effects of EPO, we produced an MI model in transgenic mice that express dominant negative STAT3 in cardiomyocytes under the control of the α-MHC promoter (dnSTAT3-Tg). In dnSTAT3-Tg mice, the EPO treatment reduced infarct size and ameliorated LV dysfunction and remodeling at 14 days after MI by the same degree as WT mice (Supplemental Figure 6A ). Overexpression of dnSTAT3 had no effects on EPO-induced prevention of H 2 O 2 -induced apoptotic death in cardiomyocytes (Supplemental Figure 6B) , indicating that STAT3 is not involved in the mechanism of EPOinduced cardioprotective effects after MI.
Discussion
In the present study, we elucidated what we believe are novel mechanisms underlying the EPO-mediated inhibition of cardiac remodeling after MI. EPO enhanced the expression of angiogenic cytokines such as VEGF and Ang-1 in cultured cardiomyocytes and infarcted hearts, which, in turn, induced the proliferation of vas-
Figure 6
VEGF is essential for the angiogenic and cardioprotective effects of EPO. WT mice were injected with adenoviral vectors encoding soluble Flt-1 (sFlt-1) or LacZ, subjected to MI, and treated with EPO or saline (control). Echocardiographic analysis and immunohistochemical staining were then performed (n = 8). *P < 0.05; # P < 0.01. cular endothelial cells and angiogenesis. EPO also increased Shh levels in cardiomyocytes, and the various effects evoked by EPO were attenuated by inhibiting Shh signaling ( Figure 9G ).
We found that EPO promoted angiogenesis by upregulating the expression of VEGF and Ang-1. VEGF is a key molecule that initiates proliferation and migration of endothelial cells and promotes the formation of new vessels, whereas chronic VEGF overexpression in mice has been reported to produce numerous small vessels lacking functional layers (27) . Ang-1 induces recruitment of smooth muscle cells to primitive vessels consisting of endothelial cells (27) (28) (29) . Therefore, our results suggest that EPO treatment might be a better approach to creating stable and functional vessels in infarcted myocardium than the treatment with single angiogenic cytokine. Inhibition of angiogenesis by using the inhibitor of VEGF significantly attenuated the protective effects of EPO, such as the reduction of infarct size and improvement of LV function after MI. Since sufficient coronary perfusion resulting from angiogenesis can prevent cardiomyocyte apoptosis and improve contractile function (30, 31) , angiogenic effects as well as direct antiapoptotic effects of EPO might protect the heart after MI. In this study, EPO did not enhance the homing of bone marrow-derived cells in damaged hearts, although EPO induced mobilization of bone marrow cells including EPCs from bone marrow into peripheral circulation. It was previously reported that intramyocardial gene transfer of Shh enhanced angiogenesis by bone marrow-derived endothelial cells (23) . Although reasons for the different results are not clear at present, the discrepancy may come from expression levels of Shh. Expression levels of Shh produced by intramyocardial gene transfer might be much higher than those induced by subcutaneous injection of EPO, and mode of actions of Shh (i.e., autocrine, paracrine, and endocrine) may be dependent on the expression levels of Shh.
EPO upregulated expression of Shh in cardiomyocytes, which played a critical role in protection of the heart after MI by increasing angiogenic cytokine production. In infarcted hearts, expression levels of Shh and its downstream target Patched have been reported to be increased (23) , and Shh has been shown to produce robust angiogenic effects (22, 23) . A recent study has demonstrated that cardiomyocyte-specific deletion of Smoothened, an essential component of Shh signaling, reduces the expression of angiogenic genes and the number of coronary vessels, resulting in cardiomyocyte apoptosis and cardiac dysfunction, and that vascular smooth muscle cell-specific deletion of Smoothened does not affect angiogenesis and cardiac function (32) . These results and observations suggest that Shh upregulated by EPO in cardiomyocytes acts on cardiomyocytes themselves in an autocrine manner and increases production of angiogenic cytokines. There were no significant differences in size and function of LV and infarct size among the Shh-MerCre mice, Shh floxed/floxed mice, and MHC-Mer-CreMer mice without EPO after MI. It has been demonstrated that hedgehog, which is produced mainly by fibroblasts, is critical for maintenance and survival of the coronary vasculature in the adult heart and that the inhibition of endogenous hedgehog by anti-Shh antibody deteriorated cardiac function and induced enlargement of infarct area in the post-MI hearts (32) . The discrepancy may come from the different cells of Shh inhibition. Secretion of Shh from other cells including fibroblasts was not inhibited in the cardiomyocyte-specific Shh-deleted mice (Shh-MerCre mice). In neural stem cells, Shh expression is induced via the Notch receptor-mediated activation of cytoplasmic signaling molecules, including Akt, STAT3, and mammalian target of rapamycin (33) . Furthermore, it has been also reported that Shh is a target gene of NF-κB in mice (34) . EPO is known to activate several signaling pathways, including Akt, STAT, and NF-κB in various tissues (19, 35) . Further studies are needed to clarify the signaling cascade by which EPO upregulates Shh expression in cardiomyocytes.
We previously demonstrated that angiogenesis promotes cardiac hypertrophy in mice during the early phase of pressure overload (30) . We do not know why EPO did not induce cardiomyocyte hypertrophy in this study, but there is a possibility that MI itself induces cardiac and cardiomyocyte hypertrophy via increased wall stress, and EPO-induced reduction of infarct size might reduce the wall stress, resulting in prevention of cardiac and cardiomyocyte hypertrophy even with enhanced angiogenesis.
In conclusion, EPO prevented LV remodeling after MI through Shh. We have reported that G-CSF inhibits cardiomyocyte apoptosis by activating the JAK2/STAT3 pathway in cardio- myocytes, leading to reduced LV remodeling (5) . EPO prevented cardiomyocyte apoptosis and protected the heart via the JAK2/ STAT3-independent mechanisms, presenting the possibility that administration of the 2 cytokines synergistically protects the heart after MI.
Methods
Animals. All experimental procedures were performed according to the guidelines established by Chiba University for experiments in animals, and all protocols were approved by our institutional review board. Male (C57BL/6 background, 10-to 12-week-old) mice were used in this study.
Figure 9
Cardiomyocyte-specific Shh deletion abolishes EPO-induced cardioprotection. (A) Activation of Shh signaling after MI and EPO treatment. Hearts were treated with EPO or saline (control) and harvested 4 days (for Shh-N) or 7 days (for Patched) after MI (n = 4 for each). (B) Western blotting of Shh-N in the infarcted hearts from Shh-MerCre mice treated with or without tamoxifen. Mice were subjected to MI, treated with EPO, and sacrificed 4 days after MI (n = 4 for each condition). We measured LVEDD, FS, infarct size (C), the number of vessels, the ratio of vessels to cardiomyocyte, and the number of α-SMA-positive vessels (D) 14 days after MI (n = 8-14). *P < 0.05; # P < 0.01. (E and F) Western blotting of VEGF and qRT-PCR analysis of Ang-1 mRNA in the heart 7 days after MI. All mice were treated with EPO (n = 5). *P < 0.05. (G) Proposed mechanism underlying the cardioprotective effects of EPO during MI. The mechanisms denoted by the thicker lines are thought to be particularly important.
Shh floxed/floxed mice were purchased from Jackson Laboratory. We injected each mouse with 8 mg/kg of tamoxifen (Sigma-Aldrich) for 12 consecutive days and produced MI at 7 days after tamoxifen treatment. Because EPOR-null mice are embryonic lethal due to severe anemia, we prepared RES mice expressing EPOR exclusively in the hematopoietic lineage, which were established as described previously (15) . EPOR expression is limited to the erythroid lineage cells in the RES mice. The RES mice develop normally and are fertile. GFP transgenic mice were purchased from SLC. Generation and genotyping of dnSTAT3-Tg mice have been previously described (36) . Age-and sex-matched WT mice (C57BL/6; SLC) were used as controls. RES mice were provided by M. Yamamoto (Tohoku University School of Medicine, Miyagi, Japan).
Induction of MI and treatment. Mice were anesthetized by intraperitoneal injection of pentobarbital (50 mg/kg) and artificially ventilated with a respirator. Mice were subjected to ligation of the left anterior descending artery or to sham operation as described previously (4) . Sham operation was performed by cutting pericardium. EPO (Chugai Pharmaceutical) or the same volume of saline was administered subcutaneously.
Echocardiography. Transthoracic echocardiography was performed with a VisualSonics (Vevo 660; VisualSonics Inc.) equipped with a 25-MHz imaging transducer. Mice were kept awake without anesthesia during the echocardiographic examination to minimize data deviation, and heart rate was approximately 550-650 bpm in all mice.
Histology. Hearts fixed in 10% formalin were embedded in paraffin and sectioned at 4-μm thickness for Masson trichrome staining. Tissue hypoxia was evaluated using the Hypoxyprobe (Chemicon) according to the manufacture's instructions. Fixed frozen sections of the heart samples were immunohistochemically stained by using primary antibodies to PECAM (Pharmingen), dystrophin (Novocastra Laboratories), α-SMA (DAKO), and Mac3 (BD Biosciences). The ischemic area that indicates infarct and border area was measured. For measurement of the cross-sectional area of cardiomyocytes, 50 randomly selected cardiomyocytes in a LV cross-section were measured by tracing dystrophin immunostaining. These measurements were performed with NIH ImageJ software. The samples were stained with Hoechst 33258 (1 μg/ml) or TO-PRO-3 (Molecular Probes Inc.). Immunofluorescence was visualized by laser confocal microscopy (Radiance 2000; Bio-Rad Laboratories).
Bone marrow transplantation. Bone marrow cells were isolated from 8-week-old transgenic mice systemically expressing GFP or WT mice. Bone marrow cells (5 × 10 7 cells) suspended in 100 μl of PBS containing 3% FBS were injected intravenously into irradiated WT mice or RES mice. A flow cytometric analysis revealed that more 97% of bone marrow cells were derived from donor cells at 6 weeks after bone marrow transplantation.
Flow cytometry. Circulating EPCs derived from bone marrow were detected by flow cytometry using CD34/Flk-1 double labeling. Mice subjected to MI or sham operation were treated with EPO or saline for 3 days subsequent to the operation. Then the mice were sacrificed to collect peripheral blood. The nucleated cells were incubated with FITC-conjugated anti-CD34 monoclonal antibody and PE-conjugated anti-Flk-1 antibody (VEGFR2/KDR; BD Biosciences) for 60 minutes on ice and washed with PBS supplemented with 3% FBS. The labeled nucleated cells were analyzed by the EPICS ALTRA flow cytometer using EXPO32 software (Beckman Coulter).
Western blot analysis. Western blot analysis was performed as described previously (30) . Briefly, the infarcted hearts were separated into 2 parts consisting of the ischemic and viable regions. Proteins extracted from the ischemic regions of the infarcted hearts of mice were subjected to SDS-PAGE and then transferred onto polyvinylidene difluoride membranes (GE Healthcare). The membranes were probed using a primary antibody against, Shh-N (5E1; Developmental Studies Hybridoma Bank), VEGF, Patched, GAPDH (Santa Cruz Biotechnology Inc.), Ang-1 (Rockland). and α-tubulin (Sigma-Aldrich). For in vitro study, primary antibodies against Shh, Akt, Bcl-2 (Santa Cruz Biotechnology Inc.), VEGF for rat (R&D systems), phospho-Akt, phospho-ERK, cleaved caspase-3 (Cell Signaling), ERK (Invitrogen), and actin (Sigma-Aldrich) were used. The ECL-plus system (GE healthcare) was used for detection. Coomassie Brilliant Blue (Wako Pure Chemical Industries) was used for staining total protein blot with culture medium supernatant of cardiomyocytes.
In vivo gene transfer. Soluble Flt-1 is known to bind to VEGF, thereby acting on as an inhibitor for VEGF (37) . We injected an adenoviral vector encoding the murine soluble Flt-1 gene (10 9 pfu; Invitrogen) into thigh muscles of mice at 4 days before MI and 3 days after MI. Adenoviral vector encoding LacZ (10 9 PFU) was used as control.
Cell culture. Cardiomyocytes prepared from ventricles of 1-day-old Wistar rats were plated onto 35-mm plastic culture dishes at a concentration of 1 × 10 5 cells/cm 2 and cultured in DMEM supplemented with 10% FBS at 37°C in a mixture of 95% air and 5% CO2. The culture medium was changed to serum-free DMEM 24 hours before stimulation. rmShh peptide was purchased from R&D Systems. The plasmid of a truncated form of human EPOR was from Y. Nakamura (RIKEN BioResource Center, Tsukuba, Ibaraki, Japan) (38) . Adenoviral vector of truncated EPOR was created using AdEasy Vector System (Qbiogene). Adenoviral vector of dnSTAT3 was a gift from K. Yamauchi-Takihara (Osaka University, Osaka, Japan) (36) . siRNA targeting VEGF, Shh, and negative control RNA (Invitrogen) were introduced into rat cardiomyocytes by using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's instructions. For immunocytochemical staining, cardiomyocytes and cardiac fibroblasts were cocultured with or without EPO for 48 hours, fixed in 4% paraformaldehyde, and stained with primary antibodies to Shh (Santa Cruz Biotechnology Inc.), α-sarcomeric actinin (Sigma-Aldrich), and vimentin (Progen).
qRT-PCR. qRT-PCR analysis was performed as described previously (39) . Total RNA was extracted from sample using the RNeasy kit (QIAGEN). We used 2.5 μg of total RNA to generate cDNA using the Super Script VILO cDNA synthesis kit (Invitrogen). qRT-PCR was carried out on a LightCycler system (Roche) using probes from Universal Probe Library (Roche) and the TaqMan Master Mix (Roche). Sequence of primers and the respective Universal Probe Library probes were as follows: Ang-1: forward GGAAGATGGAAGCCTGGAT, reverse ACCAGAGGGATTCCCAAAAC, probe #12; Gapdh: forward TGTCCGTCGTGGATCTGAC, reverse CCT-GCTTCACCACCTTCTTG, probe #80, each for mouse; Shh: forward GAATCCAAAGCTCGCATCC, reverse CAGGTGCACTGTGGCTGAT, probe #38; Ang-1: forward GGAAGCCTAGATTTCCAGAGG, reverse ACCAGAGGGATTCCCAAAAC, probe #12; Ptch-1: forward CAAAGCT-GACTACATGCCAGA, reverse GCGTACTCTATGGGCTCTGC, probe #64, Gli-1: forward GGAAGAGAGCAGACTGACTGTG, reverse GGGGAGTG-GTCACTGCTG, probe #1; and Gapdh: forward AATGTATCCGTTGTG-GATCTGA, reverse GCTTCACCACCTTCTTGATGT, probe #80, each for rat. Relative expression of target genes was calculated with the comparative CT method. Each sample was run in duplicate, and the results were systematically normalized using Gapdh.
Apoptosis analysis. Frozen sections of the heart samples and cultured cardiomyocytes fixed by 4% paraformaldehyde were subjected to TUNEL staining using a commercially available kit (In Situ Apoptosis Detection Kit; Takara Biomedicals) as directed by manufacturer. Annexin V-Cy3 Apoptosis Detection Kit (BioVision) was used to detect apoptotic cardiomyocytes according to the manufacture's instructions. Cultured cardiomyocytes were serum starved in DMEM with 0.5% FBS and treated with EPO (10 U/ml) or normal saline for 8 hours prior to beginning H2O2 (100 μM) treatment. Cyclopamine (40-42) (5 μM), LY294002 (5 μM), and PD98059 (10 μM; Calbiochem) were administered 15 minutes before EPO treatment.
DNA synthesis assay. DNA synthesis was measured by performing a BrdU incorporation assay with a commercially available kit (Roche) as directed by the manufacturer. Cardiomyocyte-conditioned medium was collected as previously described (43) . Briefly, cultured cardiomyocytes were starved in DMEM without FBS and were pretreated with EPO (10 U/ml) or saline for 48 hours, and then the medium was collected and transferred to HUVECs. HUVECs were plated in 96-well plates at a density of 5 × 10 4 cells/well in endothelial cell basal medium-2 with EGM-2 Bullet Kit (Cambrex) for 8 hours and then switched to cardiomyocyte-conditioned medium for 12 hours. BrdU was added to the medium, and BrdU incorporation was detected by ELISA using anti-BrdU antibody. VEGF receptor antagonist CBO-P11 (44, 45) (12 μM; Calbiochem) and anti-Ang-1 antibody (1 μg/ml; Chemicon) were used for the inhibition studies.
Tube formation assay. Matrigel (growth factor reduced, 100 μl; BD Biosciences) was added to each well of a 48-well plate and allowed to polymerize at 37°C for 1 hour. HUVECs (1 × 10 4 ) were seeded onto Matrigel in endothelial cell basal medium-2 with EGM-2 Bullet Kit and cultured for 1 hour and then switched to cardiomyocyte-conditioned medium described above. After 8 hours, tube length was quantified using an angiogenesis image analyzer (Kurabo). Isolated heart perfusion system. Isolated heart perfusion system was used to measure coronary flow as previously described (46) . In brief, mouse hearts were excised rapidly and mounted on a Langendorff perfusion system. All isolated hearts were stabilized by perfusion of Krebs-Henseleit buffer, and perfusion pressure was adjusted to 60 mmHg. The heart was paced at 400 bpm. After an adjustment period, the coronary effluent was collected and the coronary flow was calculated. After baseline measure-ments, sodium nitroprusside (10 -4 M, Sigma-Aldrich) was infused into the perfusate, and coronary flow was measured.
Statistics. All data are shown as mean ± SEM. Multiple group comparison was performed by 1-way ANOVA followed by Bonferroni's procedure for comparison of means. Comparison between 2 groups was analyzed by the 2-tailed Student's t test. Values of P < 0.05 were considered statistically significant.
